New Concepts in Synaptic Biology Derived from Single-Molecule Imaging  by Triller, Antoine & Choquet, Daniel
Neuron
PrimerNew Concepts in Synaptic Biology
Derived from Single-Molecule Imaging
Antoine Triller1,* and Daniel Choquet2,*
1Inserm UR497, Ecole Normale Supe´rieure, Biologie Cellulaire de la Synapse N&P, 46, rue d’Ulm, 75005 Paris, France
2UMR 5091 CNRS-Universite´ de Bordeaux, Physiologie Cellulaire de la Synapse, Institut Franc¸ois Magendie, rue Camille Saint Sae¨ns,
33077 Bordeaux Ce´dex, France
*Correspondence: triller@biologie.ens.fr (A.T.), dchoquet@u-bordeaux2.fr (D.C.)
DOI 10.1016/j.neuron.2008.06.022
Single-molecule approaches give access to the full distribution of molecule behaviors and overcome the
averaging intrinsic to bulk measurement methods. They allow access to complex processes where a given
molecule can have heterogeneous properties over time. Recent developments in single-molecule imaging
technologies have been followed by their wide application in cellular biology and are leading to the unraveling
of new mechanisms related to molecular movements. They are shaping new concepts in the dynamic equi-
libria of complex biological macromolecular assemblies such as synapses. These advances were made pos-
sible thanks to improvements in visualization approaches combined with new strategies to label proteins
with nanoprobes. In this primer, we will review the different approaches used to track single molecules in
live neurons, compare them to bulk measurements, and discuss the different concepts that have emerged
from their application to synaptic biology.Introduction
The saga of single-molecule analysis is recent. It started in the
mid 80s with single-particle tracking (SPT), which was devel-
oped to complement Fluorescence Recovery After Photo-
bleaching (FRAP), used to measure protein mobility in cells.
The limitations inherent to the size of the particles used in sin-
gle-particle tracking fostered the need for the developments of
smaller probes. It was only in 1990 that physicists were able
for the first time to image single fluorophores, but this was only
possible at very low temperatures that were needed to increase
photostability (see references in Moerner and Orrit, 1999).
Advances in the 90s in the sensitivity of detectors allowed the
recording of single fluorophores at physiological temperatures
(see references in Weiss, 1999). In parallel with these develop-
ments in instrumentation, new signal treatment methods have
been developed for pointing, tracking, and analyzing molecular
trajectories (Kusumi et al., 2005; Saxton and Jacobson, 1997).
This resulted in the appearance of new measurable parameters,
which together with the development of a theoretical framework
of molecular movement, led to the discovery of new concepts
accounting for the dynamic organization of biological systems
at the level of multimolecular assemblies.
Bulk measurements such as FRAP have important limitations
for synaptic biology. Molecules traffic between submicrometer-
sized domains of specific molecular composition that involve
small numbers of given molecular species. Single-molecule ap-
proaches, however, have their own limitations related to short-
ness of observation times and representativeness of identified
molecules, and these can lead to sampling errors. Thus, bulk
and single-molecule methods are complementary in studying
the molecular physiology of a subcellular organelle such as the
synapse.
In this primer, we will review the recent technological
advances in single-molecule imaging, with a special focus onmembrane proteins in the nervous system. The study of receptor
movements in and out of synapses at the single-molecule level
has allowed access to extended dynamic ranges. This has
shed new light on the molecular interactions taking place in
multimolecular assemblies. We will discuss the respective ad-
vantages and significance of different techniques and give
some examples related to the biology of receptors at inhibitory
and excitatory synapses.
Why Single-Molecule Techniques for the Study
of Synapses?
The notion that synapses are stable on a long timescale and are
modified only during development and plasticity does not negate
the idea that molecules turn over on a short timescale even at
steady state. In other words, the characteristic times of the syn-
apse as a whole and of its individual constitutive elements are not
directly related. The fact that synaptic molecules reside in given
synapses for much shorter times than the lifetime of the overall
structure has been demonstrated by bulk measurement
methods such as immunocytochemistry and FRAP in live
neurons (e.g., Gray et al., 2006; Okabe et al., 1999).
These methods have a spatial resolution limited by the diffrac-
tion of light—i.e., hundreds of nanometers, which is the size of
a postsynaptic density (PSD). Even more, these methods do
not give access to the full range of heterogeneities resulting
from variations across time or from the behavior of individual
molecules. Only following individual molecules can provide the
full distribution of their time-dependent properties. The power
of single-molecule versus bulk studies has been well illustrated
by single-channel patch-clamp recordings or single molecular
motor imaging. In both cases, the discovery of discrete changes
between states (i.e., open and closed state for channels, or step-
ping of molecular motors) could only be achieved by tracking sin-
gle molecules. These behaviors were hidden in the convolutedNeuron 59, August 14, 2008 ª2008 Elsevier Inc. 359
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global approaches.
As trafficking of molecular components has emerged as a major
pathway in the regulation of neuronal function, researchers have
been seekingways to investigate the microscopic behavior ofmol-
ecules with high spatiotemporal resolution and dynamic ranges. In
recent years, FRAP (e.g., Ashby et al., 2006; Tsuriel et al., 2006)
and SPT (see references in Triller and Choquet, 2005) have
revealed that synaptic molecules are in motion and are involved
in reversible interactions on short timescales (i.e., such as in re-
ceptor scaffold interactions). These measurements have started
to foster the uncovering of nanoscopic structural plasticity.
Methods to Investigate Receptor Mobility
The first experimental approach used to measure surface protein
trafficking was FRAP (Axelrod et al., 1976a, 1976b; Reits and
Neefjes, 2001). This bulk measurement demonstrated long ago
that biological membranes are fluid mosaics. Early on, this was
also recognized to be true for neuronal membranes. However,
single-molecule techniques have only recently been applied in
neuroscience (Dahan et al., 2003; Tardin et al., 2003).
Fluorescence Recovery after Photobleaching
In FRAP, molecules of interest are tagged with a fluorophore
(genetically encoded fluorescent protein tags or fluorescent irre-
versible ligands such as toxins, derivatized pharmacological
compounds, or antibodies). A small area of the cell is quickly
photobleached using an intense excitation light, and the rate of
fluorescence recovery in the excited spot is monitored over
time (Figure 1A). The fluorescence recovery (Figure 1B) depends
on many parameters, including protein mobility and its availabil-
ity from the area surrounding the bleached spot, the number of
binding sites for the protein of interest in the bleached area,
and the rate of dissociation of bleached molecules from these
binding sites (Figure 1C).
This technique gives averaged estimates of protein mobility,
as the movements of many molecules are measured simulta-
neously. Its spatial resolution is limited by the diffraction of light
(250 nm). The recovery curves depend on different parameters,
such as the geometric characteristics of the bleached spot, the
flux of incoming receptors in the bleached area, and the total
number of binding sites (Holcman and Triller, 2006). Two main
parameters can be extracted from the recovery curves: the
time constant of recovery and the amount of recovery at the
end of the experiment, otherwise called mobile fraction
(Figure 1B). Derivation of diffusion coefficients is based on as-
sumptions on the bleaching beam profile and isotropic behavior
of the mobile molecules. The time constant of recovery depends
on the incoming flux, which itself depends on gradients creating
a chemical potential and on the mobility of the molecules. The
mobile fraction is harder to interpret, as it depends on the reser-
voir of receptors outside the bleached zone (e.g., microdomains
limit the number of available receptors) and the number of avail-
able binding sites in the bleached zone, which itself depends on
the Koff of the bleached receptors from the binding sites (Figures
1B and 1C). Only the single-molecule approach can give direct
access to the influence of the microstructure on the movements
of molecules (Figure 1D).360 Neuron 59, August 14, 2008 ª2008 Elsevier Inc.Single Particle and Molecule Tracking
Probes of various sizes and with specific physical properties
have been used to follow the movements of molecules in real
time (Figure 2A). Tracking the movement of individual submi-
crometer-sized particles bound to membrane proteins and lipids
was the first step toward single-molecule tracking (Kusumi et al.,
1993; Schnapp et al., 1988). These SPT methods consist of
following the trajectory of a marker attached to the diffusing mol-
ecule. Transport properties of the particle are then derived
through a statistical analysis of the trajectory, which includes,
for instance, measurement of the mean square displacement. Vi-
sualization of the diffusive behavior of single-membrane proteins
in living cells has revealed that these molecules undergo a variety
of motions, such as Brownian, confined, or directed (Dietrich
et al., 2002; Fujiwara et al., 2002; Kusumi et al., 1993; Qian
et al., 1991; Sako and Kusumi, 1995; Saxton and Jacobson,
1997; Schnapp et al., 1988; Simson et al., 1998). SPT not only al-
lows the investigation of the dynamic properties of the tracked
molecules but also provides information on the structure of the
surrounding membrane and the molecular interactions (Ander-
son and Jacobson, 2002; Dietrich et al., 2002).
In the SPT approach, submicrometer-sized latex, silica, or me-
tallic particles, detected with various optical methods, are bound
to the protein of interest through ligands that recognize the extra-
cellular domain (Courty et al., 2006; Saxton and Jacobson, 1997;
Schnapp et al., 1988). In the mid 80s, the only contrast technique
available to detect submicrometer objects was the elastic diffu-
sion of light using, for example, differential interference contrast,
Figure 1. Fluorescence Recovery after Photobleaching versus
Single Particle and Molecule Tracking
(A) In FRAP experiments, fluorescently labeled molecules (green circles) are
rapidly photobleached in a spot by intense illumination (black surface). Mobile
molecules diffuse in and out of the bleached area and exchange over time;
bleached molecules (black circles) leave while fluorescent molecules enter
the bleached area.
(B) During FRAP, fluorescence recovers in the bleached area up to a plateau.
These recovery curves give access to a bulk estimate of the stable (sF) and
mobile (mF) fraction of receptors during the recording session.
(C) The stable fraction of receptors during FRAP is difficult to interpret; it
corresponds to both immobilized receptors in the bleached area (crosses)
as well as to the compartmentalization (brown lines) of the reservoir space
around the bleached spot that prevents full recovery of fluorescence.
(D) Single-molecule imaging allows detection of local interactions and diffusion
space heterogeneity.
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1997). The smallest objects that can be detected by these
methods are about 40 nm for the highly refractive gold nanopar-
ticles. The use of small beads of latex (0.1–1 mm diameter), gold
(40 nm diameter), or silica particles has opened the field of
individual receptor tracking, first in nonneuronal (Saxton and Ja-
cobson, 1997) and then in neuronal cells (Meier et al., 2001). The
advent of fluorescence imaging in the 90s together with the im-
provement of charge-coupled device (CCD) camera sensitivity
allowed the detection of single fluorophores in living cells
(Moerner and Orrit, 1999; Weiss, 1999). Organic dyes were the
first fluorescent probes to be used and present the advantages
Figure 2. Probes, Ligands, and Optical Setups for Single-Molecule
Imaging
(A) Examples of probe-ligand complexes to label the endogenous or geneti-
cally engineered extracellular domains of receptors for single particle/
molecule tracking. From left to right, QD-antibody complexes, cyanine dye-
antibody complexes, cyanine dye-bungarotoxin complex that binds to a
bungarotoxin binding site epitope engineered in the receptor, a fluorescent
protein, Fab fragment of antibody-gold nanoparticles complex.
(B) Latex beads are positioned using a laser optical tweezer (L) trough epilumi-
nation and are detected with a camera (D) in the transmitted light mode.
(C) Cy dye is imaged with wide-field epifluorescence microscopy, the high-
intensity excitation being provided by defocused laser illumination (L). The
detection (D) is performed by a high-sensitivity CCD camera.
(D) QDs are detected using standard epifluorescence excitation-detection and
a CCD camera.
(E) Setup for photothermal detection of gold nanoparticles. The sample is
heated by a time-modulated focused laser (L1), colinear with a probe laser
beam (L2) that is diffracted by the gold particle. The time-modulated signal
is detected by a photodiode fed into a lock-in amplifier (D). Tracking of the
particle is performed by moving an X-Y piezo stage.of being small (<1 nm), easily coupled to ligands by simple chem-
istry, and amenable to multicolor detection. However, their use is
limited by their rapid (few seconds) photobleaching.
To gather sufficient photons to image one dye molecule, the
preparation must be excited at saturation through a defocused
laser (Figure 2C). However, this substantially accelerates the
photobleaching, and thus single-dye molecules can usually be
imaged for only a few seconds (at 30 Hz acquisition rate).
Thus, the single-dye approach has the advantage of small probe
size, which may allow tracking in narrow spaces, but the disad-
vantage of a limited lifetime. An alternative approach, fluores-
cence correlation spectroscopy (FCS), has been developed to
measure the mobility of dilute samples (Schwille et al., 1999,
2000). In FCS, the mobility of individual fluorescent molecules
is measured as their residence time in a small confocal illumina-
tion volume. The faster a molecule diffuses, the shorter is its
residence time in the excitation volume. As with FRAP, this ap-
proach gives measurements of population mobility. Further-
more, it is limited to the measurement of rapidly moving mole-
cules, as the fluorophore must remain active throughout
residence in the measurement volume and not photobleach. Al-
though often advertized, the breakthrough of FCS in cell biology
as a versatile tool to provide real-time quantitative data on mol-
ecule diffusion in live cells has not yet occurred. In particular, the
complex behavior of membrane proteins in live cells with very
high time constants and the limited reservoir of labeled mole-
cules render the use of this technology challenging (Thoumine
et al., 2008). The advent of subdiffraction nanoscopy may allow
measurement of molecule diffusion in and out of smaller
volumes, and thus with better resolution (Hell, 2007).
Rapid photobleaching of dyes is a major limitation in single-dye
imaging or FCS. Live-cell video-microscopy has gained wide-
spread application thanks to the development of a variety of ge-
netically encoded fluorescent proteins (Shaner et al., 2005). Un-
fortunately, these dyes have poor photophysical properties and
are not easily amenable to single-molecule imaging (Cognet
et al., 2002) (however, see Harms et al., 2001a, 2001b; Iino
et al., 2001). Recent progress has been made in the development
of photoresistant organic dyes (Eggeling et al., 2006) that can be
specifically bound to genetically encoded tags (Chen and Ting,
2005). Ways to increase the number of recorded photons may in-
clude development of specific illumination patterns that decrease
their probability of relaxing to triplet states (Donnert et al., 2007). It
will be of interest to see how these techniques applied initially to
wide-field imaging transfer to single-molecule detection.
Small (nanometer range) nonorganic fluorescent probes with
about 100-fold less photobleaching than organic dyes have
been developed. Quantum Dots (QDs), which are nanometer-
sized semiconductor fluorescent particles, provide long-lasting
fluorescence emission (Alivisatos, 2004; Bannai et al., 2006;
Bouzigues et al., 2007). The core fluorescent moiety of QD is
a small CdSe crystal surrounded by a ZnS shell. It is hydrophobic
and has to be encapsulated to ensure its biocompatibility, and
then reaches a hydrodynamic size of 15–25 nm. The exact size
of the coated particle complex is difficult to know, as it cannot
be measured by electron or optical microscopy (although
hydrodynamic radii can be inferred from light scattering, ultra-
centrifugation, or FCS). Their fluorescent properties includeNeuron 59, August 14, 2008 ª2008 Elsevier Inc. 361
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allows the use of standard illumination sources (Figure 2D) and
a high signal-to-noise ratio allowing recordings at high rates
(up to the kHz); (2) a narrow emission wavelength depending
on QD size; (3) high photoresistance; (4) non-ergodic blinking
between active and dark states that allows easy identification
of individual QDs in temporal image series.
However, while QDs represent a compromise between size
and photostability, their size may in part still hinder diffusion in
narrow spaces such as the synaptic cleft (Groc et al., 2007). Re-
duction in the size of the core (down to a few nanometers) or of
the shell and switching to smaller ligands may overcome this
issue (Howarth et al., 2008; Liu et al., 2008; Pinaud et al., 2006).
Detectionofnanometer-sized metallic particles byphotothermal
detection (Boyer et al., 2002) is an alternative imaging method. The
absence of photobleaching or blinking is a major advantage. In this
approach, the optical set-up is more complex (Figure 2E) because
gold nanoparticles are heat modulated at high frequency (MHz) at
the plasmon resonance (530 nm), and the resulting change in the
diffraction index is detected using a probe laser beam and
a lock-in amplifier. This allows detection of particles down to
1.4 nm at 100 Hz with heating of less than 1C (Berciaud et al.,
2004). We recently used this approach to track the movement of
AMPARs in living neurons for over 20 min (Lasne et al., 2006).
New variations in single-molecule tracking are emerging. One of
the latest, termed ‘‘single particle tracking photoactivated locali-
zation microscopy’’ (sptPALM), combines the advantage of sin-
gle-molecule detection and bulk measurements (Manley et al.,
2008). It relies on the recently developed super-resolution PALM
technique (Betzig et al., 2006; Hess et al., 2007), which enables
the imaging of fluorescent-protein chimeras to reveal the organi-
zation of genetically expressed proteins on the nanoscale with
a density of molecules high enough to provide structural context.
It takes advantage of the ability to sequentially image and localize
withsubdiffraction precision singlephotoswitchable proteinssuch
as PA-GFP (Patterson and Lippincott-Schwartz, 2002) or EosFP
(Wiedenmann et al., 2004) (see also the reversible saturable/
switchable optical transitions [RESOLFT] technique [Schwentker
et al., 2007]). In sptPALM, single photoswitchable molecules are
imaged in live cells and trajectories are recorded, allowing for
the mapping of the plasma membrane diffusive environment.
Ligands
Organic or inorganic probes, dyes, or particles have to be bound
to the protein to be tracked through a specific linker ligand.
Specificity can be achieved using natural ligands, peptides,
chemical linkage, biotin, or antibodies. These links can be
used to recognize endogenous unmodified receptors or receptor
subunits modified genetically or chemically to add a target tag.
Adequate linkers between the probes and the studied mole-
cules must fulfill some prerequisites: linkers have to bind extra-
cellular domains of receptors in living cells without modifying
their function; linker affinity has to be in the nanomolar range to
ensure stability of the receptor-linker-probe complex. One of
the most difficult requisites is the control of the stoichiometry
of the receptor-probe interaction. It usually requires the control
not only of the number of linkers on the probe but also the
number of acceptor sites on the studied molecule.362 Neuron 59, August 14, 2008 ª2008 Elsevier Inc.These requisites are met differently for the various ligands. In
the central nervous system, there are few natural ligands that
can be used, mainly because their affinities are too low or be-
cause chemical modifications needed for their coupling to the
probes destroy their binding properties. In most cases, only
antibodies are available for recognition. Specific tagging of re-
ceptors is best achieved using artificial tags added chemically
or genetically, allowing the use of excellent ligands. Various
strategies have been used with success: epitope tags (Meier
et al., 2001; Serge et al., 2002), biotin tags (Howarth et al.,
2005), or toxin-binding sites (Sekine-Aizawa and Huganir,
2004). The linking to the probe (a dye or a nanoparticle) is per-
formed either by passive adsorption or by covalent linkage. For
single-molecule tracking, it is usually straightforward to link an
organic fluorophore chemically. Fluorescent proteins (XFPs) rep-
resent a specific case in which the fluorophore is directly genet-
ically encoded with the studied protein. However, the poor
signal-to-noise ratio yielded by these natural fluorophores
makes them difficult to use for SMT (however, see sptPALM
above). Recent progress in fluorescence excitation procedures
(Donnert et al., 2007)—limiting photobleaching by decreasing
excitation of fluorophores when they are in the triplet state—
may open the way to a new era for SMT of XFPs.
In the case of particles, the situation is more difficult, as com-
plexation of the ligand with the probe can alter the physical prop-
erties of one or the other. Interesting new directions lie in the di-
rect binding of peptides to gold or QD nanoparticles, allowing for
marked decrease in the hydrodynamic radii of the probe-linker
complex (Howarth et al., 2008; Iyer et al., 2007; Liu et al.,
2008). In any case, the main hurdles appear to be the nonspecific
binding of the probe to a biological sample and the control of the
stoichiometry of the probe-linker-target complex. Indeed, while
it is relatively easy to ascertain a one-to-one labeling ratio of
receptor to organic dyes, it is much more difficult to do it with
functionalized particles (see FAQ).
Effect of Label Size on Diffusion and Trafficking
of Surface Receptors
Particle or molecule movement, and therefore diffusion of the
underlying receptors, is imaged by video-enhanced differential
interference contrast microscopy or fluorescence imaging. The
relative position of the particle is then measured with good accu-
racy (see below). In open spaces, the size of the tag only margin-
ally influences the membrane protein movements, which are
dominated by Brownian and viscous forces, because membrane
viscosity is 500-fold greater than that of extracellular fluids (see
FAQ). The membrane-anchored receptors thus slow down the
particles and not the opposite. This is, of course, only true when
the probe diffusion is not hindered by extracellular molecular ob-
stacles or narrow spaces between cells (see FAQ 2). For example,
the diffusion of receptors inside synapses is measurably affected
by the size of the probe complex used to track them (Groc et al.,
2007). Another issue lies in the difficulty of assessing whether
a given tracked particle remains at the cell surface or interferes
with the endocytosis of the bound receptor or both. On the one
hand, the available particles do not report a surface versus intra-
cellular localization, and the optical resolution does not permit an
unambiguous determination of this localization. Incorporation of
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PrimerFigure 3. High-Resolution Detection
of Receptor Trajectories
(A1–A3) Color-coded images of QD visualization
(green) detected over neurites (grayscale nomar-
ski contrast) and active synaptic boutons stained
with FM4-64 (red) as seen on a single frame from
a time-lapse series (A1). The exploration map
can be emphasized with a maximum projection
of the time-lapse series (A2). Analysis of the coloc-
alization of QD trajectory with synaptic stains is
limited by an incertitude of l/2 due to the limit of
light diffraction.
(B1–B3) QDs are equivalent to a point light source.
The spot image of a single QD (B1) is limited by dif-
fraction and has a good signal-to-noise ratio (B2).
The signal can be fitted by a Gaussian curve (B3)
with a width at half-maximum of l/2. The position
of the peak of the Gaussian, thus of the light
source, can be determined with a <20 nm pointing
accuracy (red arrow).
(C1 and C2) Trajectories of single QD movements
relative to FM4-64-stained synaptic boutons (red)
can be obtained by linking QD positions at each
time point (C1). The QD localization is correlated
with the FM4-64 area and assigned as synaptic
(green trace) or extrasynaptic (blue trace) with
a l/2 incertitude, indicated by a double arrow
(C2). The comovement of two QD is a strong indi-
cation of physical interaction.pH-sensitive dyes in particles may allow detection of internaliza-
tion events through the normal acidification of the luminal domain
within the endocytotic vesicles. On the other hand, there is little
published data on the impact of particles on the endocytotic pro-
cess (however, see Cambi et al., 2007).
Labeling of Surface Receptors
Tracking individual receptors in primary neuronal cultures and
other cultured cell types has now been achieved in many labora-
tories, and all the studies have confirmed the dynamic nature of
membrane protein organization. However, access to more inte-
grated systems (tissue slices and in vivo) has resisted investiga-
tions at the single-molecule level. A few recent reports have
analyzed the dynamics of synaptic molecules in slices or
in vivo using the FRAP approach (Gray et al., 2006; Heine
et al., 2008). Interestingly, the dynamics measured are only
slightly different quantitatively from those found in neuronal cul-
ture. Two things are detrimental to measurements of single mol-
ecules in tissues: probe size and light diffraction, which impose
the need for a large number of photons. The need for a high pho-
ton yield is already satisfied by QDs or metallic nanoparticles, so
development for small functionalizing linkers remains the main
obstacle. In addition, rapid 3D tracking has still to be developed.
Altogether, tracking individual receptors in tissue slices is the
next challenge, which now seems to be within reach.
Access to Diffusion Parameters
Pointing Accuracy
An important advantage of the SPT and SMT approaches lies in
their high pointing accuracy, which allows localization of the
tracked object below the optical diffraction limits, reaching inthe best case a few nanometers. This property results from
the fact that pixel sizes are images of areas smaller than the
point spread function of the optical pathway (PSF) and are in-
tensity coded. The center of gravity of the image of the PSF
on the CCD is a good approximation of the localization of the
source and can be computed with a precision where signal
variance is dominated by photon noise and varies according
to the inverse square root of photon numbers. This implies
that the more photons are gathered the better is the pointing
accuracy.
The trajectories are reconstructed from sequences of images of
single particles or molecules. First, single objects must be de-
tected in the images (Figures 3A1 and 3A2). That a single object
is detected is ascertained according to the adequate characteris-
tics of each probe. In the case of micron-sized latex beads, the
center of gravity of the image is used to position the object. In
the case of single fluorophores such as organic dyes or QDs,
the object is smaller than the diffraction limit, and thus its image
corresponds to the point spread function of the optical system
(Figure 3A3).Single organic dyes are recognized by one-step pho-
tobleaching, while single QDs are identified by their fluorescence
intermittency. Fluorescent spots are detected by cross-correlat-
ing the image with a Gaussian model of the Point Spread Function
(Figures3B1–3B3). A least-squaresGaussian fit is applied (around
the local maximum above a threshold) to determine the center of
each spot with a spatial accuracy of 5–10 nm (depending on the
signal-to-noise ratio). This is applied successively to each frame
of the sequence (Courty et al., 2006; Groc et al., 2007).
The pointing accuracy is different from the resolution, which is
the ability to separate two objects. Single nano-object imaging
displays the standard optical resolution given by half theNeuron 59, August 14, 2008 ª2008 Elsevier Inc. 363
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ing a single molecule with bulk labeling (e.g., a synaptic stain)
because strictly speaking the resolution is not improved. In the
case of multiple single nano-object markers, the use of pointing
accuracy allows for indirect improvement in resolution, breaking
the diffraction limit, as recently applied in the PALM technique
(Betzig et al., 2006; Manley et al., 2008).
Trajectory Reconstruction and Analysis
After nano-object detection, trajectories are assembled auto-
matically by linking, from frame to frame, the centers of fluores-
cent spots likely arising from the same probe (Figures 3C1 and
3C2). The association criterion is based on the assumption of
free Brownian diffusion and takes into account short blinking
events in the case of QDs. For analysis, the following parame-
ters can be calculated from the reconstructed trajectories.
This approach can be combined with multicolor detection,
especially when using QDs (references in Michalet et al.,
2005). In this case, the analysis of trajectories revealing codis-
placements of the QDs would reveal molecular interactions
(Figure 3C2).
(1) Mean Square Displacement
Physical parameters can be extracted from each trajectory
[x(t), y(t)] by computing the mean square displacement (MSD)
(Saxton, 1997), determined by the following formula:
MSDðntÞ= 1
N n
XNn
i = 1
h
ðxðði + nÞtÞ
xðitÞÞ2 + ðyðði + nÞtÞ  yðitÞÞ2
i
where t is the acquisition time and N the total number of
frames. Different types of motion can be distinguished from
the time dependence of the MSD (Saxton, 1997). For a simple
two-dimensional Brownian motion, the MSD-nt plot is linear
with a slope of 4D, where D is the diffusion constant. If the
MSD-nt plot tends toward a constant value L, the diffusion is
confined in a domain of size L. If an additional directed
motion with velocity n is present, MSD-nt is on average equal
to 4Dnt + n2 n2 t2.
(2) Diffusion Coefficient
The diffusion coefficient (D) is determined by fitting the initial few
points of the MSD-nt curve with MSDðntÞ= 4Dnt +b. This fit is
generally used because it determines D independently of the
type of motion (Kusumi et al., 1993).
(3) Confinement Area
For molecules undergoing diffusion within a limited area, the size
of the domain in which diffusion is confined can be estimated by
fitting the MSD-nt plot with the following equation (Charrier et al.,
2006; Kusumi et al., 1993):
MSDðntÞ= L
2
3

1  exp

 12Dnt
L2

where L2 is the confined area in which diffusion is restricted.364 Neuron 59, August 14, 2008 ª2008 Elsevier Inc.Transition between Compartments and Dwell Time
within a Compartment: Role of Obstacles and Scaffolds
Special compartments such as synapses can be labeled with
fluorescent dyes. Overlaying the image of a compartment
marker with the QD-trajectory allows the transitions of a QD-
labeled molecule between compartments to be directly ob-
served. The number of transitions between two compartments,
dwell time, and the average D within a compartment can thus
be estimated from the trajectory (Figures 4A–4E).
It is immediately observable on tracks that molecule diffusion
displays spatial and temporal heterogeneities. Refining the anal-
ysis indicates that molecules alternate between states with dif-
ferent properties in terms of diffusion following Markovian rules.
This results either from intrinsic properties of the receptor or from
reversible interactions with its immediate environment. This was
first established for glycine receptors using latex beads and op-
tical tweezers (Meier et al., 2001). Glycine receptors diffused in
and out of gephyrin clusters with mean residency times of about
20 s. Interestingly, the distribution of dwell times over clusters
followed complex kinetics that could not result from a simple
bimolecular interaction. SPT analysis with QDs directly evi-
denced multiple association states between glycine receptors
and gephyrin (Ehrensperger et al., 2007). Similar results were
found for diffusion of mGluR (Serge et al., 2002) and AMPAR-
stargazin complexes (Bats et al., 2007) on homer and PSD-95
clusters, respectively.
Exchanges of receptors between spatially defined compart-
ments can be derived from analysis of individual tracks and
have been shown by performing colocalization studies between
receptor tracks and synaptic terminals or postsynaptic scaffold
aggregates. Diffusing properties of molecules can therefore be
determined in relation to their subcellular localization (Figure 4E).
The freedom of diffusion, Brownian or confined, in each com-
partment can be determined on the MSD versus time plot
(Figure 4F).
The cell membrane (1) contains various membrane proteins
that can either act as traps by transiently immobilizing the diffus-
ing particle or as obstacles by hindering its diffusion; (2) contains
lipid microdomains, which can range in size from tens to hun-
dreds of nanometers; and (3) is further compartmentalized with
domains as large as a few hundred nanometers in diameter.
This latter compartmentalization results from the existence of
corrals formed by membrane proteins anchored to a submem-
brane cytoskeleton network. This heterogeneity, whether struc-
tured or not, dynamic or not, affects the diffusion of proteins in
the membrane. A characteristic length below which the mem-
brane is homogenous and does not contain any obstacle/trap
for the diffusing protein can quantify this heterogeneity.
The optical resolution limits the asserting of unambiguous ex-
change between optically resolved subcellular compartments
(see above). Signatures of movements in given compartments
can, however, ascertain that receptors diffuse in different envi-
ronments. In neurons, spatially resolved analysis of diffusion pa-
rameters of receptors colocalized or not with synaptic markers
indicated that receptors exchange between compartments
following random laws (Dahan et al., 2003; Tardin et al., 2003).
As statedabove, properties ofdiffusionwithin acompartment are
characterized by several parameters, such as the instantaneous
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time. However, it must be stressed that the values of these pa-
rameters depend on the acquisition characteristics. A good ex-
ample is that of instantaneous diffusion, which is related to the
apparent speed of displacement of the molecule, integrated be-
tween sequential frames, and thus depends on the acquisition
frequency. Another important issue is that of dwell times that
are both high- and low-pass filtered by the acquisition frequency
and the total recording time.
In neurons, the instantaneous diffusion of receptors spans
several orders of magnitude but is within the same range inside
and outside synapses, indicating that receptors can reach com-
parable slow and high instantaneous speeds in both compart-
ments (Dahan et al., 2003; Heine et al., 2008). Yet the averaged
movements are strikingly different in synaptic and extrasynaptic
domains. Movements in synapses are confined within submi-
cron domains, while they are free and Brownian outside synap-
ses. As a result, extrasynaptic receptors can travel much longer
distances.
Comparing FRAP and Single-Molecule Experiments
Measurement of membrane receptor fluxes by FRAP of green
fluorescent protein (GFP)-tagged molecules has initially been
hampered by the combined intracellular and surface localization
of the probe. This drawback has been overcome by the use of
Superecliptic Phluorine, a pH-dependent form of GFP that only
Figure 4. Diffusion Properties of Receptors
Interacting with Postsynaptic Scaffolding
Clusters
(A) Example of glycine receptor (GlyR-QD) trajec-
tory on a neurite alternating between the inside
(green) and outside (blue) of postsynaptic differen-
tiations identified by transfected GFP-tagged
gephrin (red).
(B) Examples of localization (IN and OUT) as a
function of time. The upper plot corresponds to
the trajectory in (A).
(C) Proportion of QDots within gephyrin clusters as
a function of time, averaged for ‘‘swapping’’ GlyR.
(D) Cumulative probability of in (tin, green) and out
(tout, blue) dwell times of GlyR-QD inside and
outside gephyrin clusters.
(E) Instantaneous diffusion coefficient as a function
of time of a GlyR-QD diffusing out (blue bar) and in
(green bar) gephyrin clusters.
(F) Examples of MSD as a function of time for a sim-
ple Brownian diffusion (blue) and a restricted diffu-
sion (green). (Inset) The corresponding trajectories
are outside (blue) or inside (green) gephyrin clus-
ters (red), respectively. Scale bar, 1 mm. Full lines,
theoretical curves for the type of motion on a long
timescale. Green dotted line, linear fit on a short
timescale for the MSD corresponding to a re-
stricted diffusion (modified from Ehrensperger
et al., 2007).
fluoresces on the cell surface (Miesen-
bock et al., 1998). Using this approach,
the recovery rates of Drosophila GluRs
(Rasse et al., 2005) as well as mammalian
AMPA (Ashby et al., 2004; Kopec et al.,
2006; Yudowski et al., 2007), NMDA (Ko-
pec et al., 2006), and GABA receptors (Jacob et al., 2005) have
been measured. Diffusion coefficients of surface receptors
have also been indirectly inferred from electrophysiological tag-
ging of NMDAR (Tovar and Westbrook, 2002), AMPAR (Adesnik
et al., 2005), and GABAR (Thomas et al., 2005). In a first approx-
imation, calculated diffusion coefficients are in good agreement
with those derived from SPT experiments.
However, reconciling the microscopic data obtained with SPT
experiments and the FRAP data is not straightforward. This
difficulty is emphasized at synapses. As stated above, FRAP
measures the flux of receptors entering the bleached area, and
these fluxes must be interpreted within a complex framework
that includes receptors that not only diffuse in a confined micro-
domain but also bind reversibly to scaffolding molecules. Actu-
ally, receptor fluxes depend on many factors, which include
the respective concentrations of extrasynaptic and synaptic
receptors, the surface of the synaptic microdomain, the free
diffusion constant, and the porosity of the interface between
the extrasynaptic and synaptic membranes. The determination
of Koff and Kon rates is only possible with an explicit model of
interactions, obstacles, and concentration gradients between
bleached and unbleached molecules.
FRAP data analysis is usually performed assuming a large
number of molecules. At synaptic sites, the number of copies
of given molecules may be small (see below), and therefore spe-
cific modeling is needed to reconcile the discrete behavior at theNeuron 59, August 14, 2008 ª2008 Elsevier Inc. 365
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sion constants from FRAP curves (Holcman and Triller, 2006).
Mathematical analyses of FRAP data have been developed
when the forward binding rate of receptors to scaffold binding
sites is large compared with other timescales such as diffusion.
In that case, the recovery can be approximated by an exponen-
tial. When the values of the off and on rates are comparable,
a system of differential equations is used, and, by fitting the
data, an estimation of the rates and the number of binding sites
can be obtained. These time constants contain information
about the geometry and internal structure of the synaptic micro-
domains that cannot be directly extracted from bulk experi-
ments. Conversely, single-particle tracking will ultimately lead
to details of microstructures such as zones of confinement or
immobilization, but need to be validated by an ensemble mea-
surement. Combined with FRAP experiments, they should allow
direct access to the structural parameters. Along this line, a noto-
rious limitation of FRAP is its inability to estimate the size of con-
finement domains. This has been partly overcome by performing
FRAP at varying radii (Salome et al., 1998).
Concepts that Have Emerged from Single-Molecule
Imaging in Synaptic Biology
The number of receptors in front of a neurotransmitter release
site is a key element in the efficacy of synaptic transmission.
Thus, considerable effort has been put into understanding the
cellular mechanisms underlying the regulation of receptor accu-
mulation at synaptic sites. Initial work has emphasized the role of
the exo- and endocytotic pathways in the entry and exit of recep-
tors from synapses (Carroll et al., 2001; Shepherd and Huganir,
2007). SPT experiments have then demonstrated that, even at
steady state, excitatory and inhibitory receptors display continu-
ous movements by Brownian motion in the neuronal plasma
membrane (Figure 5A) (Triller and Choquet, 2005). These move-
ments are modulated by local organization of the plasma mem-
brane and by neuronal activity, indicating that it plays a key role
in regulation of local receptor concentration.
Multiple Roads for Receptor Targeting to and Removal
from Synapses
Convergent data obtained with electrophysiological, cell biolog-
ical, and optical approaches have led to the widely accepted no-
tion that receptors reach and leave synapses by a combination
of membrane insertion from intracellular pools, removal by endo-
cytosis, and lateral diffusion on the cell surface (Cognet et al.,
2006; Triller and Choquet, 2005). Single-molecule imaging has
been instrumental in establishing the latter. However, the re-
spective contributions of these two pathways at rest and during
synaptic modifications of synaptic strength remain a matter of
passionate debate. Initial studies focused nearly exclusively on
receptor endocytosis (Carroll et al., 2001) and highlighted the
key role of this pathway in removing receptors during synaptic
depression. It appeared later, however, that receptor endocyto-
sis likely occurs exclusively at extrasynaptic sites (Ashby et al.,
2004; Blanpied et al., 2002; Jacob et al., 2005) and is thus
preceded by receptor diffusion from synapses to endocytic
pits. In parallel, early work using cleavable tags and temporally
resolved immunocytochemistry established the putative
sequence of receptor insertion outside synapses followed by
their lateral diffusion to synaptic sites (Passafaro et al., 2001;
Figure 5. Trafficking, Diffusion, and
Receptor Stabilization at Synapses
(A) Receptor exchanges between synaptic, extra-
synaptic, and intracellular compartments. Classi-
cal route to postsynaptic differentiation now
includes diffusion in the plane of the plasma mem-
brane. The extrasynaptic receptors (blue) are
immobilized (red) and enriched at synapses by
scaffolding proteins (green). The intracellular pool
also features receptor synthesis, transport, recy-
cling, and degradation.
(B) Bird’s-eye view of receptor diffusion between
and within postsynaptic clusters. Receptors alter-
nate between dispersed (free-diffusing, blue) and
clustered (having confined movements, red)
states. Rates of entry into and exit from clusters
define Kon and Koff, respectively.
(C) Schematic view of the different paths leading to
stabilization of GlyR by gephyrin clusters. Recep-
tor (R) and its scaffolding protein gephyrin (S)
may be preassembled before being inserted in
the cell membrane (gray arrow) or they may reach
the membrane separately (purple arrow). Recep-
tor-scaffold complexes may be formed outside
(equilibrium 1) or inside (equilibrium 4) gephyrin
clusters. Both exchanges of receptors (equilibrium
3) and of receptor-scaffold assemblies (equilib-
rium 2) may occur between the inside (suffix I)
and the outside (suffix O) scaffold clusters’ com-
partments. Once within clusters, receptor-scaffold
complexes may reach a higher level of stabilization
(equilibrium 5, *). The green area correspond to
synaptic domain (modified from Ehrensperger
et al., 2007).366 Neuron 59, August 14, 2008 ª2008 Elsevier Inc.
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are still debated and have been observed to be either mainly so-
matic (Adesnik et al., 2005; Rosenberg et al., 2001), dendritic (Ju
et al., 2004; Passafaro et al., 2001; Yudowski et al., 2007), or in
the spine (Park et al., 2006). It has also been proposed recently
that insertion could occur directly at the PSD (Gerges et al.,
2006). Additional experiments are clearly needed to clarify this
issue, keeping in mind that the insertion pathway could depend
both on cell type and physiological context. In any case, receptor
lateral diffusion is likely to be an imperative step between inser-
tion/removal and synaptic stabilization.
Interestingly, the relatively high speed of diffusion of free mobile
receptors, compared with the long characteristic time of receptor
residency in the PSD, renders the rate of receptor accumulation at
adhesive contacts relatively insensitive to diffusion rates (Thou-
mine et al., 2005). This accumulation rate is likely to depend rather
on the density of binding sites and on the length of the border be-
tween cluster and extracluster areas (Holcman and Triller, 2006).
Influence of Spine Geometry on Receptor Confinement
The postsynaptic membrane is characterized by a specific ge-
ometry, a concentration of receptors resulting from an accumu-
lation of binding sites (i.e., scaffold molecules) and barriers to
incoming and outgoing receptors. The molecular nature and
nanoscale organization of barriers are not well understood.
They result from obstacles to diffusion (e.g., transmembrane ad-
hesion proteins, lipid domains, cytoskeletal elements, etc.), but
also from the local geometry of the neuronal membrane. Spines
are functional units in which receptors have been shown to be
trapped (Ashby et al., 2006). Similarly, intracellular signaling mol-
ecules including calcium are also confined in spines (Bloodgood
and Sabatini, 2005). The question arises as to whether this limi-
tation of molecule exchange is due solely to spine geometry
(length and width of spine neck and size of spine head) or also
involves specific molecular barriers. Along this line, septins
have recently been characterized as molecular elements accu-
mulated specifically at the base of spines that could contribute
to molecular barriers (Tada et al., 2007). Alternatively, modeling
of receptor diffusion (Holcman and Triller, 2006) as well as exper-
imental evidence (Ashby et al., 2006) indicates that spine length
controls the number of receptors at the PSD. At steady state, the
amplitude of the receptor flux and the number of scaffolding mol-
ecules determine the number of bound receptors. When the
spine length increases, the receptor influx diminishes, as does
the number of bound receptors. Endocytosis of receptors and
other postsynaptic cargo in spine heads (Park et al., 2004,
2006) also helps control spine composition and regulate synap-
tic transmission. The tight localization of the endocytotic
machinery next to PSDs ensures localized endocytosis and
recycling of receptors in a defined domain, and in fine restricts
efflux of receptors out of the spine.
Diffusion as a Sorting Mechanism
Synapses are multimolecular assemblies in a dynamic equilib-
rium. In addition to receptor local turnover, postsynaptic scaffold
proteins also undergo redistribution with characteristic times in
the order of tens of minutes, as seen in vitro (Okabe et al.,
1999; Tsuriel et al., 2006) and in vivo (Gray et al., 2006). Forboth receptors and scaffold elements, diffusion provides a rapid
sorting mechanism, as already postulated for other cellular sys-
tems. Given the size of PSDs (diameter 100–300 nm), the density
of synapses, and the diffusion coefficients measured in the syn-
aptic and extrasynaptic membranes, reasonable assumptions
allow one to estimate the time needed for a receptor to exit
(100 ms) or encounter a synapse (in the order of a minute). This
scale difference results from the large ratio of extrasynaptic to
synaptic surfaces.
That molecules only reside transiently in synapses implies that
the molecular interactionsunderlying their stabilizationare revers-
ible on a short timescale and account for the Koff and Kon for mol-
ecule residence time in the synapse (Figure 5B). Time-resolved
measurements indicate that receptor exchange between the out-
side and inside of the PSD results from multiple kinetic pathways
(Figure 5C). This leads to the concept of the existence of multiple
association states between receptors and scaffolding molecules
(Ehrensperger et al., 2007). In a minimal model, these states can
be defined using binding states of different affinities. Allocating
the different states to identified structural features and determin-
ing the on and off rates between the states will allow access to
molecular biochemistry in living cells. Receptor-scaffold multimo-
lecular assembly involves multiple partners and reversible binding
can occur at various levels. For example, it has been shown that
receptors can be associated with primary scaffold proteins in
the extrasynaptic membrane and even during export toward the
plasma membrane (Hanus et al., 2004; Maas et al., 2006).
Molecular Basis of the Nanoscale Organization
of Synapses and Transient Receptor Trapping
Reversible binding of receptors to structural elements regulates
not only entry and exit of receptors from synapses but also their
local diffusion inside synapses. This could be important, as po-
sitioning of receptors with respect to transmitter release sites
can potentially modulate synaptic transmission (Heine et al.,
2008; Lisman et al., 2007). Thus, knowledge is needed of both
the number of each molecule type and their structural organiza-
tion at the nanometer level.
The total density of transmembrane proteins in the PSD is high
and results in molecular crowding that hinders diffusion. For ex-
ample, at excitatory synapses in the hippocampus, proteomic
studies (Sheng and Hoogenraad, 2007) as well as quantitative
fluorescence imaging (Okabe, 2007), electron microscopy (Ma-
sugi-Tokita et al., 2007; Tanaka et al., 2005), and physiology
(Kennedy, 2000) have been used to evaluate the number of re-
ceptors. A conservative estimate for AMPAR ranges between
0 and 200, and NMDA receptors between 20 and 50. Transmem-
brane adhesion proteins such as neuroligin and cadherins are
other obstacles to diffusion. Below the plasma membrane are
the scaffold proteins such as PSD-95, of which there are about
300, Shank about 150, and Homer about 60. The geometric or-
ganization of this complex set of molecules is likely to influence
the microscopic local receptor trafficking. The presence of cad-
herins at the periphery of the synaptic complex (Uchida et al.,
1996) may constitute a belt creating additional resistance to re-
ceptor fluxes, particularly since they interact directly with
AMPAR through their extracellular domains (Saglietti et al.,
2007). Other glutamate receptors, such as kainate receptors,Neuron 59, August 14, 2008 ª2008 Elsevier Inc. 367
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(A) Receptors (blue) entering clusters encounter scaffold
proteins binding sites (green and orange rings, bound
and unbound scaffolds) and obstacles from transmem-
brane proteins (brown dots) such as adhesion molecules
and from the underlying cytoskeleton (brown lines).
(B) Diffusing receptors (blue arrowhead) see a potential
(U) with barriers (obstacles) and wells (binding sites),
the numbers of which are increased at synapse. They
determine the Kon and Koff of receptor interaction with
the postsynaptic membrane (modified from Triller and
Choquet, 2005).are also recruited to cadherin adhesion sites (Coussen et al.,
2002). Proteins of the extracellular matrix such as Narp could
also interact with receptors and therefore constitute an ‘‘extra-
cellular scaffold’’ reducing their diffusion (Johnson et al., 2007;
Xu et al., 2003).
A number of results indicate an uneven organization of the
PSD with nanoclusters of receptors. Some early studies had al-
ready revealed gradients of glutamate receptor subtypes, group
1 mGluRs being perisynaptic, NMDAR central, and AMPAR more
peripheral to the PSD (reviewed in Nusser, 2000). More recently,
ultrastructural inhomogeneities have been observed in the PSD
with electron microscopy and high-pressure freezing in the ab-
sence of fixative (Chen et al., 2008; Rostaing et al., 2006). Fila-
mentous structures expand perpendicularly in the cytoplasm
from the PSD and may correspond to an organization of the scaf-
fold molecular assembly (Rostaing et al., 2006). Some of these
structures are suggested to contain PSD-95 (Degiorgis et al.,
2008). Receptors themselves may display subcompartmental-
ized distribution (Masugi-Tokita and Shigemoto, 2007; Masugi-
Tokita et al., 2007), as shown elegantly using a combination of
immunochemistry with freeze fracture. It is noteworthy that
SPT experiments also revealed confinement of both excitatory
and inhibitory receptors in small domains within the PSD (Dahan
et al., 2003; Ehlers et al., 2007). Within a given PSD, receptors
exchange by lateral diffusion between these nanoclusters, the
size of which is regulated by neuronal activity (Ehlers et al., 2007).
The initial notion that the various components of the PSD are
stable over the long term has now been replaced by the idea
that receptors and scaffolds are in continuous turnover on time-
scales ranging from seconds to hours. The exchanges between
clustered and dispersed—or immobile and mobile states—re-
sults from reversible interactions between receptors and scaf-
fold proteins, as already established for the GlyR interaction
with gephyrin (Bedet et al., 2006; Meier et al., 2001), GABAR
with gephyrin (Jacob et al., 2005), mGluR interaction with Homer
(Serge et al., 2002), or AMPAR-Stargazin complex with PSD-95
(Bats et al., 2007). The cytoskeleton also regulates receptor dif-
fusion. The subsynaptic actin meshwork can act not only as
a stabilizer of associated elements such as gephyrin at inhibitory
synapses (Charrier et al., 2006), but also form submembrane fen-
ces that corral transmembrane protein lateral movement. How-
ever, the notion that receptors exist in only two states of mobility,
either free or immobilized by their interaction with the scaffold, is
challenged by the observation by single-molecule tracking of
multiple diffusive behaviors in the PSD (Figure 5C) (Ehrensperger368 Neuron 59, August 14, 2008 ª2008 Elsevier Inc.et al., 2007). This indicates that receptors within the PSD
experience specific binding to partners with various affinities
and valences and nonspecific steric interactions with other res-
ident proteins of the PSD (Figure 6). These interactions introduce
strong nonlinearity in the diffusion behavior. Thus, the residency
time of receptors in the PSD does not result from simple bimo-
lecular on-off interactions between receptors and corresponding
scaffolding proteins (Thoumine et al., 2008).
New Function for Receptor Surface Trafficking
in Fast Synaptic Transmission
Receptor trafficking has generally been thought to participate in
relatively slow processes to change receptor numbers at synap-
ses. The regulation of receptor turnover at synapses shapes syn-
aptic transmission both at rest and during synaptic plasticity (Lis-
man and Raghavachari, 2006; Nicoll, 2003). Traffic of AMPARs
from and to synapses through endo/exocytosis usually takes
place in tens of minutes (Ehlers, 2000; Passafaro et al., 2001).
In contrast, single AMPAR surface diffusion studies have shown
that a large fraction of receptors only dwell for a few seconds at
synaptic sites (Bats et al., 2007; Ehlers et al., 2007; Tardin et al.,
2003), suggesting that surface AMPAR movements might be in-
volved in faster processes. It has recently been shown that, in the
spinal cord, lateral diffusion and trapping of inhibitory receptors
is at the origin of regulation of synaptic glycine receptor number
by excitatory activity (Le´vi et al., 2008). This provides a mecha-
nism for a rapid homeostatic regulation of the inhibitory glyciner-
gic component at mixed glycine-GABA synapses in response to
increased NMDA excitatory transmission.
The fidelity of synaptic transmission between coupled neurons
depends in large part on their ability to transmit activity over
a wide range of frequencies. Due to the relative slowness of
chemical transmission, synaptic transmission generally acts as
a low-pass filter with a cut-off between 10 and 100 Hz (Fortune
and Rose, 2001). When a presynaptic cell is stimulated at repet-
itive short intervals, the postsynaptic response usually de-
creases over time, the rate of depression being faster as the
stimulus frequency increases. The mechanisms of this fre-
quency-dependent depression have been extensively studied
over the last decades (Zucker and Regehr, 2002) because it
has a central role in synaptic transmission and is highly regulated
by physiological processes. Most, if not all, studies have pointed
to the conclusion that paired-pulse depression arises from
a combination of depression of presynaptic glutamate release
and intrinsic kinetic properties of postsynaptic AMPARs upon
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gehr, 2002). Consequently, recovery from paired-pulse depres-
sion is believed to arise from recovery of the release machinery
together with AMPAR exit from the desensitized state. An under-
lying postulate of these models is that postsynaptic AMPARs,
which cycle between resting, open, and desensitized states,
are stable within the postsynaptic density. However, as de-
scribed extensively above, AMPARs are not static, but instead
diffuse rapidly at the surface of neurons. In particular, AMPARs
are mobile both in the synaptic and extrasynaptic membranes
(Adesnik et al., 2005; Ashby et al., 2006; Borgdorff and Choquet,
2002; Ehlers et al., 2007; Groc et al., 2004; Tardin et al., 2003)
and can exchange rapidly between these domains. It follows
that receptor distribution in and out of synapses derives from
a dynamic equilibrium between the different membrane pools.
We have recently revealed a new role for fast AMPAR lateral
diffusion in the variability of synaptic strength as well as in the re-
covery from fast synaptic depression (Heine et al., 2008) (Fig-
ure 7). AMPAR lateral diffusion influences synaptic transmission
on different timescales. On the second to minutes timescale, the
CV of synaptic currents depends in part on the surface trafficking
Figure 7. Surface Mobility of AMPARs Tunes Fidelity
of High-Frequency Synaptic Transmission
(A) Schematic drawing of antibody-induced crosslinking (X-link) of surface
AMPARs inducing their immobilization, as demonstrated by single QD
tracking.
(B) AMPAR-mediated currents recorded by paired iontophoretic application of
glutamate in control condition and after X-link of surface AMPARs. Note that in
the latter case the second current of a pair is depressed.
(C) Schematic drawing of the participation of AMPAR lateral diffusion to recov-
ery from paired-pulse depression. In between pulses, desensitized receptors
(red) are exchanged for naive ones (blue).of AMPARs that diffuse within the PSD and exchange between
synaptic and extrasynaptic sites. On the tens of milliseconds
timescale, AMPAR lateral diffusion regulates the fast recovery
from postsynaptic depression induced at high-frequency trans-
mitter release. Consequently, the rate of recuperation from syn-
aptic depression results from the combination of the recovery of
AMPAR from desensitization, the recuperation of transmitter
release (Zucker and Regehr, 2002) as well as the fast lateral
exchanges of desensitized receptors with naive functional
ones. In addition, the rate of AMPAR fluxes can be modulated
in various physiological ways, such as clustering states or varia-
tions in intracellular calcium, and these regulations impact on the
synaptic signaling.
The Brake Concept
One of the characteristics of Brownian motion is that it is fueled
by the collective behavior of molecules submitted to thermal
agitation. In the case of transmembrane proteins, the random
collisions between the neighboring lipids and proteins transfer
energy which results in stochastic movements. Therefore,
movements are the consequence of thermal agitation and are
not driven by any motors. In artificial lipid bilayers, transmem-
brane proteins move with coefficients in the order of 1 mm2/s.
In biological membranes, movements are much slower, ranging
from 0.5 mm2/s to zero, due to increased apparent viscosity. This
increased apparent viscosity has multiple origins: it could be due
to obstacles (either in or next to the plasma membrane) or to
binding to other proteins. Local changes in lipid composition
may create phase transitions, which are also obstacles. All these
elements put a brake on thermal agitation. The main conse-
quences are that receptors can be either slowed down or con-
fined in given subcellular domains due to local anisotropy in
the brake intensity. Interestingly, the latter can be spatially and
temporally regulated by biological processes.
For example, in the postsynaptic differentiation, the cytoskel-
eton obstacles can create both nonspecific corralling, obstacles,
and local accumulation of specific binding sites for the diffusing
proteins (Figure 6A). The status of cytoskeleton polymerization is
regulated and sets receptor diffusion (Charrier et al., 2006; Serge
et al., 2003), and consequently their number at synapses (Allison
et al., 1998; Kirsch and Betz, 1995; Richards et al., 2004). More
generally, all membrane-linked elements can create obstacles to
diffusion through molecular crowding. The efficiency of the brake
created by these obstacles depends on three interconnected
parameters, the relative sizes of the diffusing element and that
of the mesh defined by obstacle density and the speed of the dif-
fusing elements, an extreme case being the initial segment of
axons through which even lipids cannot diffuse (Nakada et al.,
2003). Ultimately, accumulation of receptors at synapses results
from a mixture of obstacles and binding sites. For a moving
receptor, these two features are barriers and wells of potential,
respectively (Figure 6B).
The Ten FAQs
The results obtained on the mobility of receptors using single
particle and molecule tracking approaches have raised some re-
current questions, the answers to which rely on basic physics
and hydrodynamics.Neuron 59, August 14, 2008 ª2008 Elsevier Inc. 369
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and SMT Reflect Actual Receptor Movements?
The probe-receptor complex behaves as a single diffusive entity
with a portion diffusing in the lipid bilayer (i.e., the transmem-
brane domain) and portions diffusing in aqueous media (i.e.,
intra- and extracellular domains). The main reason why SPT
reveals the true movement of receptors regardless of the size
of the probe (within reasonable limits, i.e., <0.5 mm) relies on
the fact that, on the scales of these experiments, Reynolds num-
bers are very low, which means that movements are dominated
by viscous rather than inertial forces. Another important consid-
eration is that the laws of fluid dynamics are such that the portion
of the complex submitted to the highest viscous force imposes
the movement of the complex. These viscous forces are propor-
tional to the viscosity of the medium and to the hydrodynamic
radius of the object.
To a first approximation, for a receptor diffusing in a membrane
bilayer embedded in an aqueous environment (i.e., with no extra-
cellular obstacles and independently of any other steric hin-
drance, see FAQ2), the ratio of viscosities of the membrane ver-
sus the extracellular fluid is around 1000. This means that the
probe size does not reduce the receptor movements by more
than 10%, provided its radius is below about 100 times that of
the transmembrane domain (about 5 nm). This implies that
even the large latex beads (500 nm) are reliable tools to measure
receptor lateral diffusion in isolated cells or extrasynaptic
domains in cultured neurons.
(2) Influence of the Probe on theMobility Characteristics
of Receptors
In the extrasynaptic membrane, receptor movements are similar
when measured with probes as different as 0.5 mm latex beads,
30 nm QDs, or 1 nm organic dyes (see Groc et al., 2007; and
FAQ 1). Obviously, probe diffusion can be hindered in crowded
environments, such as the synaptic cleft, depending stringently
on their size. For example, latex beads cannot penetrate the
cleft, and QDs are probably slowed down as compared with
smaller organic dyes (Groc et al., 2007). This is why a strong
emphasis has been and is still put on developing the smallest
possible probes. In the absence of a reference approach, the
actual movement of receptors in crowded environments cannot
be unambiguously determined, but it can reliably be used for
comparison between experimental conditions. However, it is
noteworthy that diffusion parameters of receptors in synapses
measured by SPT and FRAP are comparable, indicating that
SPT is a reliable method.
(3) Influence of the Probe on Functional Properties
of Receptors
Probes used in SPT are linked to the receptors through ligands
that can potentially affect their functions. This needs to be
checked on a case-by-case basis.
(4) What Powers Movements?
Analysis of receptor trajectories on the neuronal dendrites indi-
cates that the surface explored varies linearly or sublinearly
with time as indicated by MSD analysis. This indicates that
movements are not directed but always display diffusive or sub-370 Neuron 59, August 14, 2008 ª2008 Elsevier Inc.diffusive behaviors. This defines the movements as Brownian,
i.e., powered by elastic shocks between molecules due to ther-
mal agitation. The molecules effectively involved in these elastic
interactions are the lipids and membrane proteins. Active trans-
port (i.e., involving motors or flow) would be unambiguously de-
tected as superdiffusive movements on the MSD versus time
curves (Saxton and Jacobson, 1997). Altogether, recording of
individual receptor movements failed to demonstrate any evi-
dence for active transport of surface receptors in dendrites.
Such active transport has been detected in some other in-
stances, for example at the level of growth cones where directed
movements are powered by actin flow (Serge et al., 2003) or
microtubule movement (Bouzigues and Dahan, 2007).
(5) Temperature Dependence of Brownian Motion
Temperature fluctuations often have important physiological
consequences. It is common knowledge that Brownian motion
is temperature dependent, hence, a FAQ on the relation between
temperature and surface receptor movements. Indeed, molecu-
lar agitation depends on the absolute temperature following
exp(1/KT), where T is the absolute temperature and K the Boltz-
man constant. Temperature fluctuations in the physiological
range (10C–40C) represent at best a 10% variation in KT.
Thus, variations in temperature have only modest theoretical ef-
fects on diffusion coefficients in Brownian motion. Other factors
dominate in the temperature dependence of movements: many
biological processes exhibit steep temperature dependencies
arising from enzymatic reaction rate kinetics and phase transi-
tions. For example, lipid organization exhibits phase transitions
around 20C that strongly impact on bilayer viscosity.
(6) How Many Receptors Are Tracked by SPT? Is SPT
an SMT Technique?
SPT methodology ensures that individual probes, whether QDs
or organic dyes, are tracked. However, a more difficult task
lies in the assessment of the number of receptor molecules actu-
ally tracked with one probe. First, regarding the stoichiometry of
the labeling, the number of ligands on the probe is not easily de-
termined and depends on the probe size. While for latex beads
the labeling ratio is virtually impossible to determine, it is hard
but possible to ascertain the existence of a single ligand on
one QD. In contrast, it is straightforward to ensure that an individ-
ual ligand such as an antibody is labeled by a single organic dye.
The most commonly used ligands are antibodies that are biva-
lent. The use of Fab fragments can circumvent this impediment.
Second, while technical tips can ensure a 1:1 stoichiometry of
probe to bound receptors, receptors themselves can be coupled
to other ones forming microaggregates that diffuse together. As-
sessing the number of constitutive molecular entities cannot be
done using classical means or simple diffusion properties. In-
deed, in two dimensions, the translational diffusion coefficient
varies only as the log of the object size (however, see Gambin
et al., 2006). An interesting way to assess aggregate size lies in
the use of the rotational diffusion coefficient (e.g., Harms et al.,
1999), a parameter that can be recovered directly from QD aniso-
tropic light emission (Brokmann et al., 2005) or indirectly from the
MSD (Ribrault et al., 2007).
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Primer(7) Do Receptor Movements Also Exist In Vivo in the
Freely Behaving Animal?
This is a technical challenge. However, in slices, FRAP experi-
ments have revealed that cell surface receptors such as AMPAR
and NMDAR also display diffusive behaviors. There is no reason
why the basic biophysical properties of membranes should differ
fundamentally from those characterized in cultured cells. Until
now, nobody has challenged the fluid mosaic membrane model
(Singer and Nicolson, 1972) in vivo. Nevertheless, extracellular
and intercellular environments are likely different in vivo and
in vitro and thus may impose supplementary constraints on
receptor diffusion. These measurements represent the next
frontier in this field.
(8) Does SPT Adequately Sample the Whole Receptor
Population?
As with all single-molecule approaches, a legitimate question
lies in whether the whole population is adequately sampled.
This mainly relates to the ability of the probe-ligand complex to
label evenly all receptor subpopulations. It might be possible
that the labeling complex cannot easily access receptors lying
deep in the synaptic cleft, in the center of the PSD. This can be
estimated by comparing SPT with FRAP of endogenously
tagged proteins.
(9) How Are Receptors ‘‘Sent’’ to Synapses? Are They
Channeled to Move toward Synapses?
As quoted in FAQ 4, there is so far no evidence for directed re-
ceptor transport by lateral diffusion on the somatodendritic
membrane. There could, nevertheless, exist channels of diffu-
sion. Receptors thus reach synapses by random diffusion from
the extrasynaptic membrane. These events are likely more fre-
quent than initially postulated since (1) extrasynaptic receptor
number is high despite a low density and (2) random encounters
in a 2D space are much more frequent than in 3D. Collisions be-
tween diffusing receptors and PSDs are even more frequent
when diffusing on a cylinder such as a dendrite. These events
are increased in a quasifinite space such as a spine, where
receptors cannot escape easily through the spine neck. Recent
results indicate that receptors recycle locally by endo/exocytosis
at the level of spines (see references in Kennedy and Ehlers,
2006). Receptors that escape the PSD are maintained within
the spine head, the surface of which is commensurable with
the size of the PSD. Furthermore, the periphery of the synapse
might have specific diffusing properties, which could create an
‘‘attractor,’’ thus increasing the probability of trapping by the
PSD (Dahan et al., 2003; Tardin et al., 2003).
(10) Assuming that Receptors Diffuse Rapidly in the
Neuronal Membrane in and out of Synapses, How Can
Synapse-Specific Regulation of Receptor Numbers Be
Achieved?
At steady state, the number of receptors in a synapse relies on
a dynamic equilibrium between the accumulation of receptors
by trapping and their escape by diffusion. The regulation of the
incoming and outgoing fluxes sets receptor numbers during
non-steady-state plastic processes. Synapse specificity can
be achieved according to simple rules: (1) receptor trappingdepends on interaction with scaffold (e.g., the slot/hole theory
[Lisman and Raghavachari, 2006]) and dynamic equilibrium;
scaffold number and/or affinity for receptors can be regulated
in a synapse-specific manner; (2) diffusing receptors can be
maintained in the vicinity of the PSD, particularly in the case of
spines, or by diffusing barriers (Ashby et al., 2006).
Conclusion
Classical biochemical approaches have demonstrated that mo-
lecular interactions and their regulation play central roles in syn-
aptic processing. However, it is becoming apparent that these
interactions take place in a specific environment where the small
molecule numbers and the dominating role of diffusion impose
laws of interactions that deviate from classical laws of mass ac-
tion. Single-molecule imaging bridges the gap between deter-
ministic and mechanistic processes. In this context, single-mol-
ecule synaptobiology is in the process of being reconciled with
classical cell biology in the same way that single-channel record-
ings have been embedded in the general framework of neuronal
physiology. The rationale of studying single molecules is empha-
sized by the fact that small numbers are involved, therefore, sto-
chastic processes or chemical binding or unbinding become
dominant. At the synaptic level, the number of receptors involved
in synaptic transmission is low (few tens), while the number of
scaffolding molecules is higher (Sheng and Hoogenraad,
2007). Therefore, it is likely that the PSD constitutes a ‘‘sticking’’
matrix where receptors diffuse with a rather complex behavior
involving transient specific binding to scaffold molecules, steric
repulsive interactions with other transmembrane molecules
such as other receptors, synaptic adhesion molecules or interac-
tions with submembrane cytoskeletal fences.
The next steps for single-molecule biology are the simulta-
neous tracking of various receptors and scaffold molecules.
These goals can be attained using the spectral properties of
QDs (references in Michalet et al., 2005) and sptPALM (Manley
et al., 2008), respectively. Change of scale (scale jump from mol-
ecules to integrated physiology) is one of the major challenges of
the coming years. In this context, it will be important to develop
single-molecule imaging in integrated systems (slices and
in vivo). This will allow a real ‘‘mechanistic’’ description that
can only be reached through the link between biology, statistical
physics, and modeling.
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